Objective: To study the effect of perinatal programming and overfeeding on the hypothalamic control mechanisms of food intake in adult rats. Design: Neonatal programming effects on body weight, food intake, central and peripheral leptin levels, hypothalamic neuropeptides, leptin receptors and central leptin responsiveness in adult rats. Measurements: Plasma and cerebrospinal fluid (CSF) leptin levels were analyzed using radioimmunoassay. Neuropeptide mRNA levels were analyzed using in situ hybridization. Leptin receptor mRNA levels were analyzed using reverse transcriptasepolymerase chain reaction. Results: Perinatally overfed rats growing up in small litters (SL) maintain their obese and hyperleptinemic phenotype in adulthood. However, leptin levels in CSF are abnormally low considering the plasmatic hyperleptinemia. In contrast to the already reported changes in perinatally overfed juvenile rats, perinatally overfed adult rats did not show any alteration in the expression of leptin receptor isoforms and evaluated neuropeptides. Moreover, SL adult rats showed a normal sensitivity regarding the inhibitory effect of intracerebroventricular leptin administration on food intake.
Introduction
The 'Thrifty Phenotype Hypothesis' proposes that early life nutrition has long-term consequences for metabolism and body weight homeostasis. 1, 2 In both rodents and humans, perinatal nutrition predisposes to metabolic alterations, such as diabetes and obesity. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] One classical model to study the effect of early overnutrition is the manipulation of the size of the rat litters in the first days of life, called 'programming'. 7, [11] [12] [13] Rats growing up in small litters (SL) gain more weight than rats growing up in normal litters (NL) and this phenotype is maintained throughout their lives. 7, 11, 14 The specific physiological mechanisms underlying fetal/neonatal programming are not completely known. It has been recently reported that during the juvenile state (24-days old), perinatal overfed rats show hyperleptinemia and leptin resistance to peripheral leptin, related with the downregulation of the long isoform of the leptin receptor (OB-Rb) in the hypothalamus. 11 Moreover, these rats exhibit a marked increase in the expression of neuropeptide Y (NPY) and agouti-related protein (AgRP) specifically in the caudal part of the arcuate nucleus of the hypothalamus (ARC) that could explain their hyperphagic phenotype. 11 Regarding the adult state, it has already been shown that these rats are hyperleptinemic. [15] [16] [17] However, the mechanism causing resistance to peripheral leptin [15] [16] [17] and the possible changes in the expression of hypothalamic neuropeptides regulating feeding are still unknown in adult SL rats. The aim of this work was to study the hypothalamic control mechanisms in adult obese rats obtained by manipulation of litter size. For this purpose, we studied the hypothalamic expression of different orexigenic and anorexigenic neuropeptides. Furthermore, we studied the mechanism mediating leptin resistance in these animals. We analyzed the hypothalamic mRNA content of the different isoforms of the leptin receptor and, to study possible alterations in the leptin transport across the blood-brain barrier (BBB), we measured leptin levels in the blood and in the cerebrospinal fluid (CSF).
Materials and methods

Animals
Pregnant female Sprague-Dawley rats (300-350 g) (Animalario General USC, Spain) were housed at 231C under a 12 h light (0800 to 2000) and 12 h dark cycle. Animals were allowed free access to standard laboratory pellets of rat chow and tap water. On day 2 of life, newborns were randomly distributed among the mothers. To induce early postnatal over-or normal feeding, the litter size was adjusted on day 2 of life to 4-5 rats in each litter (SL, early postnatal overfeeding) or 12 newborns in each litter (NL, (control), normal feeding). 7, 11, 18 The number of animals of each sex in the two kinds of litter was balanced. Animals were separated from their mothers at day 24 to ensure their complete weaning. 11, 19 In the study presented here we used only male rats. The Ethics Committee of the University of Santiago de Compostela approved the protocols and experiments were performed in agreement with the rules of Laboratory Animal Care and International Law on Animal Experimentation.
Food intake study
Food intake was measured in the SL and NL males between days 29 and 60. We began on day 29 to permit the total adaptation to the new diet without maternal milk. 11 We studied diurnal (from 0800 to 2000 hours), nocturnal (from 2000 to 0800 hours) and daily feeding (from 0800 to 0800 hours of the next day).
Corporal measurements and samples recollection NL and SL male rats were weighted twice each week. On day 60, the length of the rats was measured (excluding tail) and the body weight/body length (g/cm) ratio was determined. 7, 11 Rats were quickly decapitated, in an independent room, and their brains removed. One set of brains (eight animals per experimental group) was removed intact for in situ hybridization analysis. In the other set of brains (10 animals per experimental group), the hypothalamus was dissected out, as described previously, 11, 20 for reverse transcriptase-polymerase chain reaction (RT-PCR) study. All of these samples were frozen immediately in dry ice and maintained at -801C until processed. Blood was obtained by cardiac puncture and collected in heparinized tubes, centrifuged immediately and the plasma separated and kept frozen at -201C until assayed. The CSF (100-150 ml) was withdrawn under gentle suction after the introduction of a 27-G needle into the cistern magna. [21] [22] [23] [24] [25] Only CSF samples that were not contaminated with blood, as judged by the absence of an erythrocyte pellet after centrifugation, were used. Equal volumes of CSF from three or four samples from rats of the same group were pooled. 22, 24, 25 Owing to the presence of circadian changes in hypothalamic mRNA content of the neuropeptides evaluated in this study, 11, [26] [27] [28] the rats (NL and SL) from each experiment (two independent experiments) were killed on the same day (1800-2000 hours) just before the dark phase (20:00 hours). 11 To completely avoid any possible circadian effect, animals from each group (NL or SL) were killed alternately, rather than killing all the animals from one experimental group before starting the next.
11
Leptin intracerebroventricular treatments Chronic intracerebroventricular (i.c.v.) cannulae were implanted under ketamine-xylazine anesthesia (50 mg/kg, intraperitonial (i.p.)) as described previously, 20, [29] [30] [31] and demonstrated to be located in the lateral ventricle by histological analysis and methylene blue staining at the end of the study. The animals were caged individually and used for the experiments 1 week later. During this postoperative recovery period, the rats became accustomed to the handling procedure under non-stressful conditions. Thereafter rats received either a single administration of leptin (10 mg/rat, dissolved in 5 ml of distilled water; Sigma, St Louis, MO, USA) or vehicle, as described previously. 20, 30, 31 All treatments started in the lights-off phase (2000 hours).
Eight male rats, 60 days old, were used in each experimental group (NL or SL). Food intake was measured 12 and 24 h after leptin administration.
Leptin radioimmunoassay
Plasma leptin levels were measured by radioimmunoassay as described previously, 11,30-32 using reagents provided in commercial kits (Rat leptin radioimmunoassay, Linco Research Inc., St Charles, MO, USA). The sensitivity was 0.5 ng/ml, the coefficients of intra-assay and of inter-assay variance were 3.3 and 4.8%, respectively. CSF samples were freeze-dried and reconstituted with the volume indicated for plasma in the Linco Kit. To increase the limit of sensitivity for the assay, the lowest standard of 0.5 ng/ml was diluted successively with the assay buffer obtaining five new standards between 0.25 and 0.015 ng/ml. The amount of primary antibody employed was reduced to 40 ml and the other components of the kit were also reduced accordingly. [23] [24] [25] The standard curve obtained with the reduced volumes and new standards was validated with the quality controls and the values fit their expected range. [23] [24] [25] In these new conditions, the limit of sensitivity for the assay was 0.015 ng/ml [23] [24] [25] and the coefficients of intra-assay and of
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RNA extraction and RT-PCR
Total RNA from the hypothalamus was extracted by Trizol reagent (Invitrogen, Paisley, UK). The RT reaction was carried out in a volume of 30 ml containing 1 mg of total RNA, and incubated at 371C for 50 min and at 421C for 15 min. The enzyme was inactivated by heating at 951C for 5 min. We amplified 3 ml of the RT product, using the specific sets of primers (Supplementary Table 1 ). The temperature and times used were as follows for leptin receptors (OB-Rs): 34 cycles at 941C (1 min), 541C (1 min), and 721C (1 min); and for hypoxanthine-guanine phosphoribosyltransferase (HPRT), used as housekeeping gene: 28 cycles at 941C (1 min), 631C (1 min), and 721C (1 min). In all cases, amplification was carried out with a final extension step at 721C for 10 min.
The kinetics for HPRT and the different isoforms of OB-R, as well as the specificity of the PCR products have been published elsewhere. 11, 20, 33 The amplified products were resolved in a 2% agarose gel and measured by densitometry using a digital imaging system (Molecular Analyst, Biorad; San Francisco, CA, USA). 11, 20 The mRNA content of the different isoforms of OB-R was analyzed in each hypothalamus individually.
In situ hybridization Coronal hypothalamic sections (16 mm) were cut on a cryostat, and immediately stored at À801C until hybridization. For AgRP, cocaine and amphetamine-regulated transcript (CART), melanin concentrating harmone (MCH), NPY, prepro-orexin (prepro-OX) and thyrotrophin releasing harmone (TRH) detection we employed the specific antisense oligodeoxynucleotides (Supplementary Table 1 ). These probes were 3 0 -end labeled with 35 S-adATP using terminal deoxynucleotidyl transferase. The specificities of the probes have been published elsewhere. 29, 32 In situ hybridizations were performed as already reported previously. 11, 29, 31, 32, 34 To compare anatomically similar regions, the slides were matched according to the rat brain atlas of Paxinos and Watson. 35 The slides from control and treated animals, at each treatment time, were always exposed to the same autoradiographic film. For the AgRP and NPY analysis, the ARC was divided from rostral to caudal into four subdivisions based on four previous studies, 11, [36] [37] [38] 
Statistical analysis and data presentation
The data are expressed as having a mean7standard error of the mean ) and were analyzed using a computerized package for statistical analysis (GraphPad InStat 2.0.4, GraphPad Software, San Diego, CA, USA). Statistically significant difference was determined by non-parametric Mann-Whitney test. A P-value o0.05 was considered as being significant. mRNA levels are presented as percentage change in relation to control (NL) values. In the RT-PCR analysis, OB-Rs data are normalized to HPRT values.
Results
Effects of neonatal overfeeding on body weight, body size and feeding in adult rats As shown in Figure 1a , SL male rats showed a highly significant increase in body weight gain from day 4 until weaning and adult life (60 days: NL: 299.073.0 vs SL: 352.273.3; Po0.001; n ¼ 85-133). At 60 days of age, the increase in body weight was not accompanied by an increment in the body length (excluding tail; NL: 22.970.5 vs SL: 23.670.4; n ¼ 85-133). However, there was a significant elevation of relative body weight of SL rats when compared with NL rats (NL: 13.670.4 vs SL: 14.870.4; Po0.001; n ¼ 85-133), indicating obesity. 7, 11 SL rats only showed nocturnal (data not shown) and daily hyperphagia for the week following weaning. After this age, they did not eat more than NL control rats (Figure 1b ).
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Effects of neonatal overfeeding on hypothalamic mRNA content of orexigenic and anorexigenic neuropeptides in adult rats Using in situ hybridization, we did not detect any change in the mRNA expression of any orexigenic or anorexigenic neuropeptides studied in the adult SL obese rats (Figure 2 ).
Effects of neonatal overfeeding on leptin levels in adult rats
Adult SL obese rats showed significant hyperleptinemia (NL: 3.270.1 ng/ml vs SL: 4.770.3 ng/ml; Po0.001) (Figure 3a) . Despite higher circulating leptin levels in SL rats, CSF leptin levels did not differ significantly between these rats and the NL rats (NL: 120.1722.7 pg/ml vs SL: 125.3718.5 pg/ml) ( Figure 3a) . As a result of this, the ratio CSF leptin/plasma leptin was significantly reduced in SL rats (NL: 3.870.4 vs SL: 2.770.2; Po0.05; values expressed as % of plasma leptin) (Figure 3b ).
Effects of neonatal overfeeding on hypothalamic mRNA content of OB-Rs in adult rats
In 60-day-old SL obese rats, we did not detect any change in the mRNA expression of any leptin receptor isoforms (Figure 4) .
Effects of i.c.v. administration of leptin on food intake in SL obese adult rats
In keeping with the similar levels of the OB-Rb leptin receptor isoform observed in both groups, food intake over 12 and 24 h was significantly reduced in NL and SL adult rats treated i.c.v. with leptin (Figure 5a and b) . Programming and adult obesity M López et al
Discussion
Alterations in litter size in rats induce overnutrition, which leads to obese animals. Interestingly, overfed rats maintain the obese phenotype throughout their lives. 7, 11, 18 Although these data indicate that perinatal nutrition is an important factor in the development of obesity, 3,4,7-11 the molecular mechanisms mediating this phenotype are not fully understood. Several studies suggest the existence of alterations in the hypothalamic feeding-regulation systems in the perinatal overfeeding model. 11, 18, 40 Furthermore, it has been demonstrated that these rats are hyperleptinemic with leptin resistance to peripheral leptin. [15] [16] [17] In the juvenile state, after weaning, this leptin resistance to peripheral leptin is based on a specific downregulation of OB-Rb in the hypothalamus. 11 However, the mechanism causing the programmed leptin resistance to peripheral leptin in adulthood is still unknown. In this study, early postnatal overnutrition (SL) induced the expected increase in the body weight of the animals from day 4 of life to adulthood. Moreover, we can conclude that animals were obese because their relative body weight was higher than in the normal feeding (NL) group. 11, 18 Curiously, in our study SL rats only showed hyperphagic behavior just after weaning (between days 29 and 32). These data are not in agreement with a previous study reporting that SL rats exhibit a hyperphagic state throughout their adult life. 18 To study the possible cause of this discrepancy and to assess if perinatal feeding affects hypothalamic food intake-regulating systems in the adult state, we studied the mRNA levels of different orexigenic and anorexigenic neuropeptide systems. Sixty-day-old SL rats did not show any significant change in the mRNA expression of any neuropeptide in any nuclei evaluated, in agreement with the normal feeding pattern observed in this group at this age. These data also suggest that other parts of body weight homeostasis, such as changes in energy expenditure, food efficiency or adipogenesis might be impaired in SL adult rats. Further work will be necessary to verify these issues. The lack of effect of high plasma leptin levels on feeding and neuropeptide expression was somewhat unexpected. Interestingly, in spite of the higher circulating leptin levels in the SL group, CSF leptin levels did not differ significantly between SL rats and NL rats, suggesting that the rate of leptin influx into the CNS is not enhanced. This situation resembles to a large extent the data obtained in obese humans that also exhibit increased leptin serum levels, but similar CSF leptin levels in comparison to non-obese subjects. 41, 42 One possible mechanism is the saturation of the leptin transport across the BBB. 22, 23, [43] [44] [45] Alternatively, there might be central leptin resistance caused by impaired leptin signaling through its active receptor OB-Rb in the hypothalamus. To evaluate whether this situation might be related to a decrease in OB-Rb expression, 11, 33 we analyzed the mRNA levels encoding the long isoform of leptin receptor in the hypothalamus of NL and SL 60-day-old rats. We did not detect any change in the mRNA expression of OB-Rb or any other leptin receptor isoform. This result clearly demonstrates that the normal food intake, in spite of high circulating levels described in this model, is not linked with changes in the expression of OB-Rb. Obviously, we cannot exclude, in the SL adult animals, the existence of local, nuclei-specific, leptin receptor changes, as well as alterations in the leptin signaling pathway, such as defects in the intracellular transduction mechanism of the JAK/STAT pathway (JAK: Janus kinase; STAT: signal transducers and activators of transcription) or SOCS3 (suppressor of cytokine signaling-3). [46] [47] [48] [49] However, SL rats showed a robust response to central administration of leptin, suggesting that hypothalamic leptin-signaling mechanisms are not altered. All this evidence strongly suggests that leptin resistance to peripheral leptin in the SL adult rats 15, 16 may be related, at least partially, to the saturation of the transport of leptin into the hypothalamus through the BBB. 22, 23, 43, 45, 49 Although the leptin-resistant state based on impaired leptin transport has already been described in other diet-induced obesity models, [21] [22] [23] 45, 50 the important aspect of our perinatal overfeeding model is that at two different ages: 24 days old 11 and 60 days old, the SL obese animals present different Programming and adult obesity M López et al leptin-resistant mechanisms. At juvenile, post-weaning age (24 days old), SL rats exhibit a downregulation of OB-Rb. 11 Conversely, at adult age there are no changes in the expression of OB-Rb (or any other isoform) mRNA expression and the mechanism mediating the leptin resistance is probably the saturation of the leptin transport across the BBB. To our knowledge, this is the first evidence of an agedependent mechanism for leptin resistance in obese animals. The development of this differential resistance, as well as the exact moment at which it appears, merits further investigation. In this regard, a very recent report suggests that, at least in mice, the impaired transport of leptin across the BBB in obesity is acquired and reversible. 45 It is interesting to note that the existence of an age-related mechanism in the feeding control systems is not restricted to leptin resistance. It has been described that different neuropeptides, especially NPY and AgRP, show age-related responses to programming 11 and diet-induced obesity. 51 All these evidence suggests that the hypothalamic feeding mechanisms display a high plasticity, showing adaptive responses to age or age-related factors. The precise mechanism underlying these age-related differences is not clear, however, recent reports suggest that leptin plays a neurotrophic role during the development of the hypothalamus and that this action is restricted to a critical neonatal period that precedes leptin's acute regulation of food intake in adults. 52, 53 This evidence suggests that perturbations in perinatal nutrition that alter leptin levels may, consequently, have long-term consequences for the formation and function of hypothalamic circuits regulating feeding and body weight in adulthood. The implication of these results in human obesity is intriguing. It is well known that humans have a saturable leptin transport across the BBB, 54 and leptin resistance is one of the possible causes of human obesity. 42, 55 Recent data obtained in humans have shown that high leptin concentrations during early postnatal life (associated with greater body adiposity) decrease the response to circulating leptin in later life. 56 However, there are no available data about the mechanism of this reduced leptin sensitivity. If leptin resistance in humans shows an age-dependent pattern, it merits further investigation. In summary, in this work we demonstrate that perinatal feeding does not induce remarkable responses to the hypothalamic mechanisms regulating food intake in the adulthood. Moreover, we described, for the first time, the existence of age-related leptin resistance mechanisms. Taken together, these data can help our understanding of the different systems involved in the control of food intake and energy balance, as well as the pathophysiology of obesity.
